This paper proposes a general method combining evolutionary algorithm and decisionmaking technique to optimize the structure of a minichannel heat sink (MCHS). Two conflicting objectives, the thermal resistance h and the pumping power P, are simultaneously considered to assess the performance of the MCHS. In order to achieve the ultimate optimal design, multi-objective genetic algorithm is employed to obtain the nondominated solutions (Pareto solutions), while technique for order preference by similarity to an ideal solution (TOPSIS) is employed to determine which is the best compromise solution. Meanwhile, both the material cost and volumetric flow rate are fixed where this nonlinear problem is solved by applying the penalty function. The results show that h of Pareto solutions varies from 0.03707 K W À1 to 0.10742 K W À1 , while P varies from 0.00307 W to 0.05388 W, respectively. After the TOPSIS selection, it is found that P is significantly reduced without increasing too much h. As a result, h and P of the optimal MCHS determined by TOPSIS are 35.82% and 52.55% lower than initial one, respectively.
Introduction
With the rapid development of the microfabrication technologies, the increasing heat generation makes a proper thermal management solution critical to the electronic devices. In the beginning of the 1980s, Tuckerman and Pease [1] first proposed the micro/minichannel heat sink (MCHS) and found it was able to dissipate a heat flux of 790 W cm À2 . Subsequently, considerable experimental, analytical and numerical studies have been made to improve the performance. Samalam [2] theoretically studied the MCHS and described the correlations for thermal resistance. By employing the finite volume method, Xie et al. [3] found that pressure drop and thermal resistance varied with the channel height, width, wall thickness, and bottom plate thickness. Wan et al. [4] made an experimental analysis of flow and heat transfer in a miniature porous heat sink. Persoons et al. [5] investigated the effect of flow pulsation of a minichannel heat sink.
When optimizing a heat transfer unit or a system, the flow resistance often has an increase with the enhancement of heat transfer [6] [7] [8] [9] [10] . In general, the micro/minichannel offers a large heat transfer area and a high convective heat transfer coefficient, while high pumping power is also required for driving the fluid. Therefore, evaluation criteria, such as performance evaluation criteria [11] and JF (Colburn j and friction f factors) factor [12] , play a significant role in assessing the comprehensive performance or economic benefit of MCHS. However, it is sometimes inconvenient to choose a proper evaluation criterion since different evaluation criteria conflict with each other. Recently, multi-objective optimization techniques have received more and more attention in many fields [13] [14] [15] . Different from the existing evaluation criteria that combine several objective functions into a single objective function, multi-objective optimization involves more than one objective function to be optimized simultaneously. Copiello and Fabbri [16] coupled a simplified numerical method and the strength Pareto evolutionary algorithm 2 to optimize longitudinal wavy fins. Husain and Kim [17] used a fast and elitist nondominated sorting genetic algorithm in order to determine three optimal nondimensional geometry variables of a liquid flow microchannel heat sink. Abdoli and Dulikravich [18] applied response surface approximation and genetic algorithm in order to achieve three objectives: maximizing amount of heat removed, minimizing temperature nonuniformity on hot surface, and minimizing viscous losses.
In the present work, a minichannel heat sink has been optimized by means of a multi-objective genetic algorithm where the two objectives are the minimization of the thermal resistance (h) and, at the same time, the minimization of the pumping power (P). Instead of simplified numerical models or surrogate models mainly applied in the existing literature, a three-dimensional numerical model is optimized here by coupling the finite element method and genetic algorithm [19] . After the optimization, the initial population converges to a set of nondominated solutions, called the Pareto front. Subsequently, a decision-making technique, technique for order preference by similarity to an ideal solution (TOPSIS) [20] , is employed to determine the compromise solution from the Pareto front. Furthermore, the material cost and volumetric flow rate are fixed where the penalty function is applied to solve this nonlinear problem.
Problem Description
Model and Governing Equations. The schematic of minichannel is shown in Fig. 1 . The heat is supplied from the bottom with dimensions of W Â L and transferred to the channels with dimensions of W c Â L Â H c . Subsequently, the cooling water which is forced to flow through the channels removes the heat conducted through the solid. The bottom plate thickness is H b , and the channel wall thickness is W w . The top lid thickness is not included and regarded as the adiabatic wall. In the present study, parameters of the initial MCHS are Figure 2 illustrates the cross section of the computational domain of the minichannel. A no-slip condition is applied at the interior walls. In order to save the computing time, symmetric boundary conditions are applied in the present work. Moreover, the following assumptions are made in the numerical simulations:
(1) The water flow is three-dimensional, laminar, incompressible, and in steady-state. (2) All the thermophysical properties are constant and the heat flux is uniform. (3) The gravitational force is neglected.
Based on the above assumptions, the governing equations including the continuity, momentum, and energy can be expressed as follows.
Continuity equation for the coolant:
Momentum equation for the coolant:
Energy equation for the coolant:
Energy equation for the solid:
Other boundary conditions needed for the computational unit are listed as follows [21, 22] :
In this study, the above governing equations along with the boundary conditions are solved by a finite element software, COM-SOL MULTIPHYSICS. T in is 300 K and q is 100 W cm
À2
. In each case of the simulation, the flow and thermal field are computed with approximately 200,000 degrees-of-freedom. All the simulations are done on a workstation with two eight-core CPUs (E5-2670) and 64 GB RAM. Under such conditions, it takes approximately 3 min to complete a single case and 250 h to complete an entire multi-objective optimization procedure.
Objective Functions. Instead of using a combined objective function, the multi-objective method considers all the design requirements simultaneously. In this paper, two conflicting objective functions are defined as follows:
As mentioned earlier, thermal resistance h is calculated to assess the performance of heat transfer, while pumping power P is calculated to assess the performance of flow resistance, respectively. The thermal resistance can be calculated from
where T max is the maximum temperature at the base, N is the number of channel, which equals to the integer part of W/(W c þ W w ).
The initial MCHS width W and length L are 20 mm, respectively. Besides, it is noticed that the optimal MCHS width W' may vary as channel unit geometry alters, which is also considered in the present work.
On the other hand, the pumping power is expressed as
where _ V is the volumetric flow rate of MCHS and Dp is the pressure drop through the channel.
Therefore, an optimal heat sink with low flow resistance and high heat transfer coefficient can be achieved as J 1 and J 2 are approaching minimum values. However, it is worth noting that the results of the multi-objective optimization are not a unique optimal solution but a set of nondominant solutions. The entire optimization procedure including the selecting technique is described in the Optimization Procedure section.
Optimization Procedure
Multi-Objective Optimization Algorithm. For many complex engineering problems, objectives under consideration often Transactions of the ASME conflict with each other. When multiple objectives are involved, there is a common phenomenon that all the objective functions are combined into a single composite objective function for evaluating the overall performance, such as utility theory and weighted sum method. There are some inherent limitations since defining the weights is a difficult issue and some evaluation criteria also conflict with each other. The multi-objective evolutionary algorithms, however, are generalized approaches to determine a set of nondominant solutions (Pareto solutions). In the present study, an efficient multiobjective evolutionary algorithm, the nondominated sorting genetic algorithm [23] , is employed to optimize two objective functions defined earlier. Following the concept of this algorithm, all individuals are ranked according to their fitness score based on the objective function values. Subsequently, in the process of selection, fitter solutions with high fitness score are more likely to be selected and preserved. Therefore, as the iterative process continues, the Pareto optimal solutions will be evolved gradually.
TOPSIS Selection. After obtaining the Pareto front consisting of Pareto solutions, the next step is to determine the best compromise solution for the application. Generally, selection work in multi-objective optimization is much more complex since each Pareto solution represents a compromise solution under different objective functions and we cannot directly choose the best one. However, following the basic concept that the chosen alternative should have the shortest distance from the positive ideal solution and the longest distance from the negative ideal solution, TOPSIS is a practical and classical approach for ranking and selecting alternatives. In this design work, the positive ideal solution has the smallest thermal resistance and pumping power, and the negative ideal solution is just the opposite. The computational procedure of TOPSIS is as follows:
(1) Create a matrix (x ij ) mÂn with m alternatives and n objectives. (2) Normalize the matrix (x ij ) mÂn to (t ij ) mÂn by using the equation below: 
(5) Calculate the distance between the target alternative A and the positive ideal alternative A þ , and the distance between the target alternative A and the negative ideal alternative
:::; m; j ¼ 1; 2; :::; n (16)
:::; m; j ¼ 1; 2; :::; n (17) (6) Calculate the relative closeness to the ideal solution of alternatives
(7) Rank the alternatives according to the values of C i , and the final compromise solution A final is
Constraints and Design Variables. For the purpose of application and fabrication, some constraints are considered in the present optimization work (1) The volumetric flow rate is fixed. (2) The materials cost of MCHS is constant (i.e., the volume of copper is fixed).
The mathematical form is
The next step is determining the design variables which will affect the comprehensive performance. Xie et al. [3] Moreover, H b ! 0.2 mm is also considered for ease of manufacture. From Eq. (21), it is obvious that this constraint is nonlinear. In the present study, the penalty function based on the concept of genetic algorithm is applied to solve this problem. This method replaces a constrained optimization problem by several of unconstrained problems. To be specific, infeasible solutions (i.e., H b < 0.2 mm) are also allowed into the population but the fitness values are modified according to the penalty function. After sufficient time, the optimal solutions to the unconstrained problem using the modified fitness values coincide with those of the original constrained problem. The entire optimization procedure is shown in Fig. 3 .
Results and Discussion
Validation. In the COMSOL MULTIPHYSICS, the solution time and memory requirements are strongly related to the number of degrees-of-freedom which depend on the meshing type, the shape functions selected, and the number of dependent variables from the different physics. Due to the simple geometry of the MCHS, the hexahedral grid is constructed for the present numerical simulation. Subsequently, three different grid schemes with different numbers of degrees-of-freedom are tested to guarantee that the simulation results are independent on the grid, which is listed in Table 1 . It is found that the max error for this study between grid 2 and grid 3 is 1.8281%. However, the computation time of grid 3 is about twice that of grid 2. Hence, grid 2 is applied in the optimization to improve computation efficiency without loss in accuracy.
In order to provide a numerical validation, the results of the present work are compared with the previous work proposed by Xie et al. [3] . As shown in Figs. 4 and 5, both thermal resistance h and pressure drop Dp decrease as H c increases, which is in good agreement with the reference. When H c varies from 2 mm to
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Multi-Objective Optimization Results. Figure 6 illustrates the Pareto front obtained by using the proposed design method. It is obvious that the pumping power P would not decrease from one Pareto optimal to another except increasing the thermal resistance h, which means all these solutions obtained are nondominated. Besides, it is found that P varies from 0.00307 W to 0.05388 W and h varies from 0.03707 K W À1 to 0.10742 K W À1 . Figure 7 gives optimal parameters of the heat sink from the Pareto front. The individual numbers are sorted by ascending the values of h. It is found that the values of optimal W w are basically unchanged in the range from 0.2073 mm to 0.2422 mm. Similarly, the optimal values of H c are also basically unchanged around 3.9 mm when the individual number of Pareto front greater than 10 (i.e., P < 0.033 W). The above results indicate that MCHS with higher H c and lower W w may have a better comprehensive performance in the present study. On the other hand, W c and H b gradually increase along with the entire Pareto front. Besides, it is noticed that H b is in the range from 0.2066 mm to 1.1730 mm, which satisfies the condition of H b ! 0.2 mm. Based on this result, it is proved that the penalty function can effectively solve the nonlinear problem in this study. Other information of minichannel unit, including inlet velocity (u in ), inlet area (a in ), and numbers of channel units (N), is illustrated in Fig. 8 . It is found that both u in and N gradually decrease along with the Pareto front, while a in is contrary to them. Furthermore, it is noticed that all the optimal values of u in are less than 1 m s
À1
, which means the initial inlet velocity is excessively high and not appropriate for the application.
Subsequently, the optimal width W' and hydraulic diameter D h of whole MCHS are illustrated in Fig. 9 . The optimal W' varies from 19.3275 mm to 19.9988 mm, which is 3.363% to 0.006% less than the initial width W. According to the above results, it could be speculated that the additional material will have little influence on both the performance and cost if heat sink width needs to meet the requirement. On the other hand, D h has a significant increase from 0.3855 mm to 1.3002 mm, since the structure of MCHS keeps changing along with the Pareto front. Furthermore, the fluid flowing situation which is described by the Reynolds number (Re) also alters with u in and D h . However, it can be found that all the Reynolds numbers are less than 2300, which means the laminar assumption is suitable in this study.
Selection and Comparison.
As shown in Fig. 6 , all the Pareto solutions are nondominated and we cannot directly choose the best one according to the values of h or P. Nevertheless, it is noticed that further reduction for h is much more difficult than early stages, which means the comprehensive performance of solutions at each end of the Pareto front should not be high. In the present study, the best compromise solution is determined by employing TOPSIS previously described, where w 1 ¼ w 2 ¼ 0.5. Table 2 In order to investigate the effects of the optimization and selection, performances of different optimal solutions and the initial one are illustrated in Fig. 10 . h minimum and P minimum represent the optimal solutions with the minimum thermal resistance and minimum pumping power, respectively. Compared with the initial one, the thermal resistance can be reduced by 59.29% with an increase of 113.48% in pumping power, while the pumping power can be reduced by 87.82% with an increase of 17.98% in thermal resistance, respectively. It is indicated that both h and P can be greatly improved when single-objective optimization is considered. Figure 10 also shows the effect of decision-making technique on balancing two conflicting objectives, where optimal TOPSIS represents the optimal solution determined by TOPSIS. Comparison between h minimum and optimal TOPSIS shows that the thermal resistance of optimal TOPSIS is 57.64% higher than h minimum , but the pumping power of optimal TOPSIS is 77.77% lower than h minimum . Similarly, when comparing P minimum and optimal TOPSIS , it is found that pumping power of P minimum is 77.77% lower than optimal TOPSIS while thermal resistance has an increase of 83.83%. As a result, using TOPSIS is effective for improving heat transfer performance of MCHS without bringing too much pumping power. Furthermore, both h and P of optimal TOPSIS are lower (35.82% and 52.55%, respectively) than those of initial one, which demonstrates the effectiveness of the approach proposed in this paper.
Conclusions
The structural design of minichannel heat sink is a multiobjective problem taking minimum thermal resistance and pumping power into consideration, simultaneously. The cost of material and volumetric flow rate are fixed in the present study, where penalty function is applied to solve this nonlinear problem. In the optimization process, multi-objective genetic algorithm and finite element method are coupled to solve the problem mentioned earlier and obtain a series of Pareto solutions. Subsequently, TOPSIS technique is employed to rank these solutions and determine the best compromised one.
Based on the optimization results, the following conclusions can be drawn:
(1) For the optimal solutions, as h increases and P decreases, W w is basically unchanged in the range from 0.2073 mm to 0.2422 mm, while H c increases from 3.4856 mm and is also basically unchanged when P < 0.033 W. On the other hand, W c and H b gradually increase along with the entire Pareto front. (2) Since the structures have been greatly changed after the optimization, both D h and Re have a significant increase as h increases, but the flowing situation keeps as laminar. The optimal W' is essentially constant, which means the performance and cost will be almost unaffected if heat sink width needs to meet the requirement. (3) In the present study, one objective function can be substantially reduced regardless the influence on the other one.
After the TOPSIS selection, h and P have been appropriately balanced. Consequently, both h and P of optimal TOPSIS are lower (35.82% and 52.55%, respectively) than those of initial one. 
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